Introduction
Several studies have reported that phospholipase Cg1 (PLCg1) is highly expressed in colorectal cancer tissues, familial adenomatous polyposis, breast carcinoma, and highly metastatic colorectal tumour cell lines, suggesting that PLCg1 is implicated in the pathophysiology of tumorigenesis (Soderquist et al., 1992; Nomoto et al., 1995; Smith et al., 1998) . In addition, it has been shown that overexpression of PLCg1 in rat fibroblasts cells leads to malignant transformation (Chang et al., 1997) . Growth factor-induced PLCg1 signalling is required for enhanced cell motility (Chen et al., 1994; Polk, 1998; Wells, 2000) . In breast, prostate and glioblastoma multiforme cancer cell lines, pharmacological inhibition of PLCg1 signalling reduces cell invasiveness both in vivo and in vitro (Turner et al., 1997; Khoshyomn et al., 1999; Price et al., 1999) . These findings suggest that the induction of motility via growth factor-induced PLCg1 signalling is generalizable to a variety of tumour types and may serve as a target to limit tumour progression. Considerable evidence indicates that the phosphoinositide 3-kinase (PI 3-K) signalling pathway plays a central role in the development of several features of malignancy. Recent data demonstrate that the a6b4 integrin promotes carcinoma invasion through a preferential and localized targeting of PI 3-K activity (Shaw et al., 1997) . The a6b4-regulated PI 3-K activity is required for the formation of lamellae, dynamic sites of motility, in carcinoma cells (MDA-MB) (Shaw et al., 1997) . In addition, it is noteworthy that the tumour suppressor protein, phosphatase and tensin homologue deleted on chromosome 10 (PTEN), whose gene is deleted or mutated in a wide variety of human cancers, possesses 3-phosphoinositide-phosphatase activity (Maehama and Dixon, 1999) . The loss of PTEN correlates with the progression of tumours to a metastatic state (Li et al., 1997; Steck et al., 1997) , consistent with its role in adhesion and motility. The expression of PTEN in human glioblastoma cells reduces the intracellular level of inositol 1,4,5-trisphosphate, suggesting that PTEN inhibits PLC activity (Morimoto et al., 2000) . Much evidence indicates that PI 3-K plays a specific role in membrane translocation and activation of PLCg1. PLCg1 contains a pleckstrin homology (PH) domain in its N-terminal region, that is thought to mediate protein interaction with plasma membrane by binding to the lipid product of PI 3-K PtdIns-3,4,5-P 3 . It has been proposed that PI 3-K dependence of PLCg1 activation may be substantial at lower levels of tyrosine phosphorylation . The focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that is tyrosine phosphorylated in response to a number of stimuli. Interestingly, FAK plays a signalling role leading to activation of PLCg1 in response to integrin-mediated adhesion (Zhang et al., 1999; Carloni et al., 1997) . FAK signalling enhances integrin-dependent cellular functions including cell spreading, migration and survival. Evidence indicating that growth factor stimulation of PLCg1 activity may result in part from membrane translocation via its PH domain and interaction with PtdIns-3,4,5-P 3 raises the possibility that the activation of PI 3-K by FAK may also play a role in integrin stimulation of cellular PLCg1 activity .
In this study, we provide evidence for a major role of PI 3-K-dependent activation of PLCg1 in cell motility in MDA-MB-231 breast cancer cells in response to epidermal growth factor (EGF). In addition, the PH domain of PLCg1 may have a specific role in directional migration by inducing selective membrane translocation of PLCg1.
Results

EGF induces PLCg1 polarized translocation in a PI 3-K-dependent manner
It has been shown that EGF promotes MDA-MB-231 breast cancer cell migration through a PI 3-K and PLC-dependent mechanism (Price et al., 1999) . Therefore, to test the potential role of PLCg1 in cell migration, we carried out wound healing assays in MDA-MB-231 cells. After wounding, MDA-MB-231 were stimulated with 20 ng/ml EGF for 15 min, then fixed and stained for PLCg1 to study protein localization. In serum-starved cells, PLCg1 was dispersed in the cytoplasm ( Figure 1A) ; upon wounding and treatment with EGF, the protein translocated to the cell edge exposed to the wounded area within 15 min ( Figure  1B) . To test the role of PI 3-K in PLCg1 translocation, MDA-MB-231 cells were pre-treated with 100 nM of the PI 3-K inhibitor wortmannin for 15 min before wounding and EGF stimulation. As shown in Figure  1C , pre-treatment with wortmannin inhibited the translocation of PLCg1. These data indicate that EGF induces PLCg1 translocation at the leading edge of migrating cells in a PI 3-K-dependent manner.
PLCg1 and PH PLCg1 translocate at the leading edge in living cells
Since PLCg1 translocation is PI 3-K dependent and the N-terminal PH domain of PLCg1 interacts with the PI 3-K lipid product PtdIns-3,4,5-P 3 , we hypothesize that the PH domain might provide a means to localize PLCg1 to the plasma membrane in a polarized manner. To test this hypothesis, we transiently co-transfected MDA-MB-231 cells with plasmids encoding the full length PLCg1 fused to the RFP and the isolated PH domain fused to GFP. The localization of the fusion and GFP-PH PLCg1 was observed and the fluorescence remained dispersed in the cytoplasm (0 min). The oriented translocation of the fusion proteins along the Figure 2 Translocation of PLCg1 and PH PLCg1 to the plasma membrane in living cells. MDA-MB-231 cells were transiently cotransfected with plasmids encoding RFP-PLCg1 and GFP-PH PLCg1. After wounding and EGF stimulation, the translocation of the fusion proteins was followed by laser-scanning confocal microscopy. Bar 10 mm leading edge of the cells in the direction of the wound appeared after 6 min and became pronounced after 10 min of EGF stimulation. No changes were observed in MDA-MB-231 cells transfected with the vector alone, pEGFP-C1, with or without EGF or serum stimulation (data not shown). Wortmannin pre-treatment inhibited RFP-PLCg1 and GFP-PH PLCg1 plasma membrane translocation ; data not shown). These data indicate that the PH domain may mediate PLCg1 translocation to the leading edge of migrating cells.
PH domain but not N-SH2 and SH3 domains translocates at the leading edge of migrating cells
To study the specific role of the PH domain in PLCg1 polarized migration, wound healing assays were performed in MDA-MB-231 cells transiently transfected with a plasmid encoding the GFP-PH PLCg1 or the pEGFP-C1 vector alone, as a control. As shown in Figure 3 , GFP appeared to be mostly cytosolic (A -D) whereas GFP-PH PLCg1 localized at the leading edge of migrating cells, being polarized towards the direction of the wound (E -H). Since it had been shown that FAK is involved in the directionality of cell migration (Gu et al., 1999) , these cells were stained with anti-FAK antibody and with rhodamine-labelled phalloidin to visualize the actin cytoskeleton. As shown in Figure 3 , PH PLCg1 co-localized with FAK and actin at the leading edge. To test whether other domains are involved in PLCg1 polarized translocation, wound healing assays were performed in MDA-MB-231 cells transiently transfected with plasmids encoding the N-SH2 or the SH3 domain of PLCg1 fused to the GFP. As shown in Figure 4 , after wounding and EGF stimulation, neither N-SH2 (A -D) nor SH3 domain (E -H) showed the polarized pattern observed with PH PLCg1. These data confirm that PH domain specifically mediates the polarized translocation of PLCg1.
Stable PH PLCg1 expression blocks EGF-and serum-stimulated migration of MDA-MB-231
To investigate the effect of stable PH PLCg1 overexpression on cell migration, MDA-MB-231 stable cell lines expressing the GFP-PH PLCg1 or the GFP alone were selected. Control GFP, GFP-PH PLCg1 clones and wild type MDA-MB-231 cells were grown to confluence and then wounded with a pipette tip. After 30 h in the presence of serum, control and wild type cells had migrated into the wounded area while GFP-PH PLCg1 clone failed to repopulate the wounded area ( Figure 5A ). Similar results were obtained using EGF after wounding and at least three different GFP-PH PLCg1 clones (data not shown). A quantitative analysis of this experiment was obtained by using dishes with grids and counting the number of cells migrated in the wounded area ( Figure 5B ). GFP-PH PLCg1 clone migration was 50% lower than control GFP clone and wild type MDA-MB-231. No effect on cell growth was observed in GFP-PH PLCg1 clone, compared to GFP clone and wild type cells (data not shown). Pretreatment with wortmannin inhibited the EGF-induced migration of wild type MDA-MB-231 by 23+11%. Alternatively, the effect of overexpression of GFP-PH PLCg1 on cell migration was quantified by using modified Boyden chamber migration assay in the presence of EGF (Figure 6 ). The number of GFP-PH PLCg1 cells migrated into the membrane was 65% lower than control GFP clone and wild type MDA-MB-231. Complete inhibition of EGF-induced migration was observed upon wortmannin pre-treatment. This decrease in cell migration was consistent with that obtained by wound healing assay. These results show that PH PLCg1 overexpression inhibits MDA-MB-231 cell migration.
Stable PH PLCg1 expression increases cell adhesion in MDA-MB-231
Since cell locomotion events include cell/substratum adhesion at the leading edge, we performed adhesion assays on GFP and GFP-PH PLCg1 stable transfectants, on different substrates and for different plating times (Figure 7 ). PH PLCg1 clone had statistically higher levels of adhesion than GFP when laminin ( Figure 7A ) or fibronectin ( Figure 7B ) was used as a substrate. The difference in cell adhesion between GFP-PH PLCg1 and GFP clone did not change when higher concentrations of fibronectin or longer plating times were used (data not shown). No difference in cell adhesion was observed when cells were plated on BSA. Similar results were obtained using at least three different GFP-PH PLCg1 clones. These data indicate that PH PLCg1 overexpression may affect cell adhesion through an integrin receptor-mediated mechanism.
Discussion
Receptor tyrosine kinase (RTK) signalling downstream of PLCg1 activates different biological responses such as DNA synthesis, transformation, cell movement and differentiation. RTK phosphorylation of PLCg1 is mediated via recognition of phosphotyrosine-containing sequences in the receptor by the SH2 domains of PLCg1. Several other mechanisms of activation of PLCg1 isoenzymes in mammalian cells have also been proposed. The N-terminal PH domain of PLCg1 interacts with the PI 3-K lipid product PtdIns-3,4,5-P 3 and might provide a means to localize PLCg1 to the plasma membrane. However, little is known about the function of the influence of PI 3-K on PLCg1 activation. In an effort to understand the signalling pathway that involves PI 3-K regulation of PLCg1, we found that EGF induces a PI 3-K-dependent translocation of PLCg1 at the leading edge of migrating cells in a wound healing assay. This translocation is likely to be driven by the PH domain since PH PLCg1, but not N-SH2 and SH3 domains of PLCg1, translocates at the leading edge. In addition, stable PH PLCg1 expression blocks EGF-and serum-induced cell motility and increases cell adhesion in MDA-MB-231 cells. Taken together, these data may suggest that influence of PI 3-K on PLCg1 could be relevant in cell migration, where PLCg1 seems to play a key role by modulating a series of events involved in actin polymerization. In particular, (Matsuda et al., 2001 ). In addition, our observation that PH PLCg1 overexpression did not affect MDA-MB-231 cell growth indicates that the PH domain could have a role in cell migration but not proliferation.
Previous data have shown that pharmcological inhibition of PI 3-K and PLCg pathways blocks cell migration in MDA-MB-231 cells. The data presented here suggest that PLCg1 is a downstream effector of PI 3-K involved in the regulation of integrin-dependent signalling by growth factors. Cell motility is the result of different physical processes that are well coordinated. Cell locomotion events include lamellipodia extension, cell/substratum adhesion at the leading edge, contraction to move the cell forward and release of adhesion at the uropodium. A very important step in cell migration is the formation of a leading edge on front-to-rear asymmetry. Recent data suggest that this cell polarization could be generated by the activation of PI 3-K (Haugh et al., 2000) . In fibroblasts, it has been shown that a local generation of 3-phosphoinositides is a key power for spatial sensing governing directional migration. These data indicate that 3-phosphoinositides play a role in directed migration via both G protein-and tyrosine kinase-mediated signalling processes. Our study suggests that PLCg1 is also recruited via its PH domain at the leading edge of migrating cells in a PI 3-K-dependent manner. Therefore, PLCg1 recruitment through a polar gradient of 3-phosphoinositides may play a central role in the first step of cell locomotion, leading to the secondary formation of calcium gradients and protein kinase C activation.
The non-receptor protein-tyrosine kinase FAK is a key mediator of integrin signalling events controlling cellular responses to the extracellular matrix, including spreading, migration, proliferation and survival (Schlaepfer et al., 1999) . FAK has been found to play a specific role in the link between EGF and PDGF receptors and b1 integrins during fibroblasts chemotactic migration (Sieg et al., 2000) . In addition, it has been demonstrated that FAK activates PLCg1 in response to integrin-mediated cell adhesion (Zhang et al., 1999) . Evidence indicates that growth factor stimulation of PLCg1 activity may be mediated by plasma membrane translocation via its PH domain interacting with the lipid product of PI 3-K PtdIns-3,4,5-P 3 . This raises the possibility that the ability of FAK to activate PI 3-K may lead to integrin stimulation of PLCg1 activity. A similar mechanism has been recently proposed for the FAKrelated protein tyrosine kinase 2 (PYK2) (Nakamura et al., 2001) . It has been demonstrated that PLCg1 is a common mediator for adhesion and growth factor signals in prefusion osteoclasts and that adhesion or macrophage stimulating factors induce direct interaction of PLCg1 with PYK2 (Nakamura et al., 2001) . Interestingly, these effects were blocked by PI 3-K inhibitors, indicating that PLCg1 is a downstream effector of PI 3-K and that this pathway can mediate cell spreading and migration in response to growth factor and cytokines. This mechanism represents a particularly attractive target for cancer therapy since its downstream activation may be the common postreceptor mechanism mediating cell motility and invasion that is induced by many growth factors.
It remains to be answered whether the PI 3-Kdependent membrane translocation of the PH domain is sufficient for PLCg1 polarized targeting. In fact, although it has been clearly demonstrated that the membrane translocation of PH PLCg1 is PI 3-Kdependent, the interaction with PtdIns-3,4,5-P 3 appears to be less specific compared to other PH domains (Kavran et al., 1998) . Most PH domains bind to phosphoinositides with a broad range of specificity and affinity (Kavran et al., 1998) . A weak and low specific interaction may be necessary but not sufficient to recruit the host protein to the membrane thus probably requiring alternative, co-operative mechanisms (Maffucci and Falasca, 2001) .
One of these mechanisms has been proposed for the EGF-induced recruitment of the docking protein Grb2-associated protein 1 (Gab1). The PH domain of Gab1 binds PtdIns-3,4,5-P 3 , and is likely to act co-operatively with the Met-binding domain. Concerted action of both domains may be required to achieve stable membrane recruitment of Gab1 of sufficient duration to enhance its tyrosine phosphorylation and association with downstream signalling molecules (Rodrigues et al., 2000) . Alternatively, a co-operative mechanism could occur within the same PH domain as recently proposed for PLCb1 that has been found to bind both PtdIns-3-P and G protein bg subunits (Razzini et al., 2000) .
It has been proposed that PLCg1 targeting to the plasma membrane was the result of a synergistic action of the SH2 domains (mediating the association to the receptor) with the PH domain, which could stabilize the interaction by binding to the membrane via PtdIns-3,4,5-P 3 Bae et al., 1998) . Recent work demonstrates that all determinants required for the association of PLCg1 to the EGF receptor are found within a region unique for the PLCg1 family (Matsuda et al., 2001) . Furthermore, the association of PLCg1 to the EGF receptor is unaffected by mutations in the PH domain or inhibition of PI 3-K, thus indicating that the PH domain-mediated translocation does not contribute to the stability of the complex (Matsuda et al., 2001 ). An intriguing hypothesis at present under investigation is that a specific cytoskeletal protein may co-operate with PtdIns-3,4,5-P 3 in the membrane recruitment of PLCg1.
The last question is how the isolated PH PLCg1 domain increases cell adhesion and decreases cell motility. These effects could play a role in favouring the metastatic spread of breast cancer cells. Thus, PH domain could play a role in a concerted action with the SH domains in the recruitment of PLCg1 to focal adhesion complexes in integrin-mediated cell adhesion. In fact, the C-terminal SH2 domain of PLCg1 has been found to interact with FAK and seems to be involved in PLCg1 activation in response to cell adhesion (Zhang et al., 1999) whereas the SH3 could mediate interactions with the cytoskeleton (Bar-Sagi et al., 1993) . Therefore, we can hypothesize that the PH domain interaction with plasma membrane has a role both in cell-oriented migration and in the architecture of focal adhesion complexes.
In summary, our results show that PLCg1 recruitment through a PI 3-K-mediated activation provides a link between integrin-and growth factor-mediated signalling pathways to regulate cell motility in MDA-MB-231 breast cancer cells. These findings add a new insight to the understanding of the mechanisms involved in cell invasiveness and contributes to the development of possible new therapeutic strategies.
Materials and methods
Materials and DNA constructs
Dulbecco's modified Eagle's medium (DMEM) and foetal bovine serum heat inactivated (FBS-HI) were obtained from Gibco, Life Technologies, Inc. Mouse anti-PLCg1 monoclonal antibody was from Santa Cruz Biotechnology (Santa Cruz, USA), rabbit anti-FAK polyclonal antibody was from Sigma. Anti mouse Alexa 594 was from Molecular Probes, anti-rabbit CY5 was from Oregon Green. All other biochemicals were of the highest possible purities and were obtained from Sigma.
The cDNA fragment corresponding to the PH domain from rat PLCg1 was subcloned into the green fluorescent protein (GFP) expression vector pEGFP-C1 (Clontech) as previously described . The pGEX-2TK (Pharmacia) plasmids containing the N-terminal Src homology (SH) -2 or the SH3 domains of PLCg1 were a kind gift of Dr S-G Rhee (National Institute of Health, Bethesda, USA); for expression of these domains fused to the GFP, the BamHI/EcoRI fragments were subcloned into the BglII/ EcoRI site of pEGFP-C1. The full length PLCg1 fused to the red fluorescent protein (RFP) was a kind gift of Dr M Katan (The Institute of Cancer Research, London, UK).
Cell culture and transfection
MDA-MB-231 breast cancer cells were maintained in DMEM containing 10% FBS-HI and supplemented with sodium pyruvate, penicillin and streptomycin. For transfection, cells were seeded onto glass coverslips in a six-well plate and transfected with 1 mg of GFP fusion protein vectors. LipofectAMINE (Life Technologies, Inc.) was used according to the manufacturer's instructions. After 24 h, cells were serum-starved overnight in 0.5% FBS-HI. For co-transfection experiments, 0.5 mg of GFP-PH PLCg1 and 1.5 mg of RFP-PLCg1 were used and cells were serum-starved after 48 h. The MDA-MB-231 stable cell lines expressing the GFP-PH PLCg1 or the GFP alone (as a control) were selected with 500 mg/ml G418. Single cell clones were screened by Western blotting and fluorescence microscopy and maintained in medium containing 250 mg/ml G418.
Immunofluorescence staining
MDA-MB-231 cells were treated as indicated, then fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature. The coverslips were washed with PBS, blocked with PBS containing 0.1% BSA for 30 min at room temperature and then incubated for 2 h at room temperature with different primary antibodies (mouse antiPLCg1 monoclonal antibody, rabbit anti-FAK polyclonal antibody). Rhodamine-labelled phalloidin was used to visualize actin cytoskeleton. After washing three times with PBS, the coverslips were incubated for 1 h at room temperature with different secondary antibodies (anti mouse Alexa 594, anti-rabbit CY5). Control stainings were performed without primary or secondary antibodies.
Confocal microscopy
Microscopy was performed by using a Bio-Rad MRC-1024 confocal system (BioRad Laboratories) with a KryptonArgon mixed gas laser (excitation lines: 488, 568, and 647 nm) and an Axiovert 100 microscope equipped with a 63X/1.25 PLAN NEOFLUAR oil immersion objective lens (Zeiss, Jena, Germany). Fixed cell images were taken using slow speed scanning and a Kalman filter (n=4), while in vivo cell images were collected, at every 60 s, using normal speed scanning and a direct filter. The laser potency, photomultiplier, and pin-hole size were kept constant during the entire experimental procedure. The images were stored in a Compaq OS/2 Warp processor with 24 bit colour allowing visualization of two colours collected simultaneously or three colours collected sequentially, and displayed separately or in a merged image. The acquisition and processing of the images were controlled by LaserSharp software (BioRad).
Cell migration assay
Cell migration was tested by in vitro wound healing assays. Wild type MDA-MB-231 cells, GFP and GFP-PH PLCg1 clones were grown to confluence, serum deprived for 18 h and then wounded with a linear scratch by a sterile pipette tip. After washing, cells were incubated for 30 h in DMEM with or without 10% FBS in the presence of 0.5 mg/ml mitomycin-C (Sigma). At the indicated time, cells were photographed in phase contrast with a Nikon microscope. For a quantitative analysis, the same experiment was performed using cell culture dishes with 2 mm grid (Nunc). After 30 h, cells were fixed with 4% paraformaldehyde and the migration was quantified by counting the number of cells per grid square (4 mm 2 ). Alternatively, cell migration was performed in Transwell chambers (tissue culture treated, 6.5 mm diam., 8 mm pores, Costar Corp.) as previously described (Mizushima et al., 1997) . Briefly, serum-starved wild type MDA-MB-231, GFP and GFP-PH PLCg1 stable transfectants, were removed from culture dishes with HBSS containing 0.01% trypsin and then resuspended in DMEM containing 1% BSA. 100 000 cells/100 ml were then added to the top of each migration chamber and allowed to migrate into the membrane for 4 h in the presence of EGF (10 ng/ ml). EGF was added in the lower chamber or alternatively in both chambers. Cells attached to the bottom surface of the membrane were fixed with 4% paraformaldehyde, stained with 0.5% Crystal Violet/20% methanol and counted using an inverted microscope.
Cell adhesion assay
Cell adhesion assays were performed by incubating cells with the coated substrates at 378C for the indicated times, and quantified by measuring absorbance at 570 nm for Crystal Violet staining. Exponentially growing MDA-MB-231 cells were harvested through trypsinization, washed and incubated on a wheel rotor at 378C in DMEM containing 0.5% BSA at a concentration of 1610 6 cells/ml for 1 h. A 96-well plate was precoated with 100 ml of either fibronectin (10 mg/ml from human plasma, Calbiochem), or laminin (20 mg/ml, from EHS mouse sarcoma, Boehringer Mannheim), or BSA 1%, in sterile PBS, at 48C overnight, and then saturated with DMEM containing 1% BSA at 378C for 1 h. 100 000 cells were plated onto each coated well and incubated at 378C for the indicated times. After washing, cells were fixed with formaldehyde 2.5% for 20 min at room temperature and stained with 0.5% (w/v) Crystal Violet/20% methanol for 30 min at room temperature. After extensive washes with PBS, plates were air dried and dye was solubilized by adding 100 ml of 0.1 M sodium citrate. OD was calculated by an ELISA plate reader (Mios, Merck) at 570 nm. of constructs. M Falasca is supported by an endowment from the Dr Mortimer and Mrs Theresa Sackler Trust. Publication (3) from the Sackler Institute for Muscular Skeletal Research, UCL. This work was supported in part by 'Trenta ore per la vita' and 'Lega Italiana per la Lotta contro i Tumori', Sezione di Pescara.
